Introduction
============

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), also known as Apo2L and TNFSF10, is a type II transmembrane protein belonging to the TNF superfamily that is able to induce programmed cell death ([@b1-ol-0-0-6223],[@b2-ol-0-0-6223]). TRAIL-mediated apoptosis follows binding to its receptors: Death receptor 4 (DR4, also known as TRAIL-R1 and TNFRSF10a) and DR5 (also known as TRAIL-R2 and TNFRSF10b), which contain an intracellular death domain and transmit apoptotic signals to intracellular apoptosis-associated proteins ([@b3-ol-0-0-6223],[@b4-ol-0-0-6223]). TRAIL has been the center of attention as it is relatively non-toxic to normal cells, but selectively induces apoptotic cell death in multiple types of transformed or malignant cells ([@b1-ol-0-0-6223],[@b5-ol-0-0-6223]). However, certain malignant cells are resistant to TRAIL ([@b6-ol-0-0-6223],[@b7-ol-0-0-6223]). Therefore, finding novel reagents that are able to promote TRAIL-induced apoptosis in cancer cells is useful to increase the effects of TRAIL-based cancer therapy, or to overcome TRAIL resistance.

Bladder cancer is one of the most common genitourinary malignant neoplasms and is typically observed in older patients ([@b8-ol-0-0-6223]). According to the growth of aging populations worldwide, the occurrence of bladder cancer is expected to increase ([@b8-ol-0-0-6223],[@b9-ol-0-0-6223]). To develop improved treatments, multiple studies have been conducted to detect drugs that sensitize bladder cancer to TRAIL-induced apoptosis ([@b10-ol-0-0-6223],[@b11-ol-0-0-6223]). Previous research has also demonstrated that a combination of chemotherapy or natural agents with TRAIL triggers apoptosis through the upregulation of DRs, activation of caspases, the downregulation of survival proteins including cellular Fas-associated death domain-like interleukin-1β-converting enzyme inhibitory protein (cFLIP) and X-linked inhibitor of apoptosis protein (XIAP), and the modification of B cell lymphoma-2 (Bcl-2) family proteins ([@b12-ol-0-0-6223]--[@b14-ol-0-0-6223]). Therefore, the resistance of bladder cancer cells to TRAIL may be overcome by the use of sensitizing chemicals that alter the dysregulated expression of DRs and apoptosis-associated proteins ([@b15-ol-0-0-6223]).

Bufalin is a major component of Sum Su, which is a traditional oriental medicine obtained from the skin and parotid venom gland of the toad. Bufalin possesses various biological properties, acting as a cardiotonic, an anesthetic and a blood pressure stimulant, as well as demonstrating respiration-improving and anti-neoplastic activities ([@b16-ol-0-0-6223],[@b17-ol-0-0-6223]). In terms of its anti-tumor activities, bufalin has been demonstrated to suppress cell proliferation and to cause apoptosis in a wide spectrum of cancer cells, including lung adenocarcinoma cells, prostate cancer cells, ovarian cancer cells, gastric cancer cells, bladder cancer cells, hepatocellular cells, breast cancer and leukemia cells ([@b16-ol-0-0-6223]--[@b20-ol-0-0-6223]). On the other hand, only 2 previous studies concerning the use of bufalin as a sensitizing reagent to overcome TRAIL resistance in breast cancer have been conducted. Yan *et al* ([@b12-ol-0-0-6223],[@b21-ol-0-0-6223]) demonstrated that bufalin enhanced TRAIL-induced apoptosis of breast cancer cells via upregulation of the DRs *in vitro* and *in vivo*. However, to the best of our knowledge, a combination treatment including bufalin and TRAIL is yet to be attempted in bladder carcinoma cells.

Therefore, the present study investigated whether bufalin promoted TRAIL-induced apoptotic cell death and was able to overcome resistance to TRAIL in human bladder cancer cells, and focused on understanding the underlying molecular mechanisms. In the present study, bufalin was demonstrated to markedly sensitize bladder cancer cells to TRAIL-induced apoptosis.

Materials and methods
=====================

### Reagents and antibodies

MTT, propidium iodide (PI) and DAPI were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). RPMI-1640 medium, fetal bovine serum (FBS) and penicillin/streptomycin were purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA). TRAIL was obtained from Koma Biotech (Seoul, Korea) and dissolved in phosphate buffered saline (PBS) to 10 mg/ml and stored at −70°C. Bufalin was purchased from Sigma-Aldrich; Merck KGaA. The formula weight was 386.52 g/mol and the purity was \>97%, as determined by high performance liquid chromatography. Bufalin was dissolved in dimethyl sulfoxide (DMSO; vehicle) to a concentration of 10 mM. Further dilutions of TRAIL and bufalin were made in RPMI culture medium prior to use. Antibodies against Bcl-2-associated X (Bax; cat. no. sc-493), Bcl-2 (cat. no. sc-782), BH3 interacting domain death agonist (Bid; cat. no. sc-11423), XIAP (cat. no. sc-11426), cFLIP (cat. no. sc-5276), DR5 (cat. no. sc-65314), DR4 (cat. no. sc-7863), caspase-3 (cat. no. sc-7272), caspase-9 (cat. no. sc-7885), caspase-8 (cat. no. sc-7890), poly (ADP-ribose) polymerase (PARP; cat. no. sc-1562), β-actin (cat. no. sc-1616) (all dilutions, 1:1,000) and peroxidase-labeled goat anti-rabbit (cat. no. sc-2004), goat anti-mouse (cat. no. sc-2005) and cow anti-goat (cat. no. sc-2350; all dilution, 1:1,500) IgG were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All other chemicals were purchased from Sigma-Aldrich (Merck KGaA) unless otherwise indicated.

### Cell lines and cell culture

The human bladder carcinoma T24 cell line was obtained from the American Type Culture Collection (Manassas, VA, USA), and cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, 2 mM glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C and 5% CO2.

### MTT assay and cell morphological analysis

To measure cell viability, an MTT assay was conducted. The T24 cells were seeded at a density of 1×10^5^ cells/well in 6-well plates, and treated with bufalin (0, 5 or 10 nM), TRAIL (0, 25 or 50 ng/ml) or a combination. Following 24 h incubation at 37°C with 5% CO2, the medium was removed, and the cells were incubated with 0.5 mg/ml MTT solution for 2 h. Then, the supernatant was discarded and the formazan crystals were dissolved with DMSO. The optical density was measured by a microplate reader (Dynatech Laboratories, Inc., Chantilly VA, USA) at 540 nm. The cell images were taken with an inverted light microscope (Carl Zeiss AG, Oberkochen, Germany) at a magnification of ×50.

### Nuclear staining with DAPI

T24 cells were seeded at a density of 1×10^5^ cells/well in 6-well plates and treated with bufalin (10 nM), TRAIL (50 ng/ml), a combination, or neither, and incubated for 24 h at 37°C with 5% CO2. The cells were then harvested with trypsin, washed once with cold PBS and centrifuged at 500 × g at 4°C for 5 min. The cells were fixed with 3.7% paraformaldehyde (Sigma-Aldrich; Merck KGaA) in PBS at room temperature for 10 min. Next, the fixed cells were washed with PBS and stained with 2.5 µg/ml DAPI solution at room temperature for 10 min. The nuclear morphology of the cells was observed by a fluorescence microscope (Carl Zeiss AG) at a magnification of ×200.

### Cell cycle analysis

T24 cells (1×10^5^) cells/well in 6-well plates were treated with bufalin (10 nM), TRAIL (50 ng/ml), a combination, or neither, and incubated for 24 h at 37°C with 5% CO2. The cells were harvested with trypsin and washed once in PBS. Subsequent to centrifugation at 500 × g and 4°C for 5 min, the pellets were fixed in 70% ethanol and stored at 4°C for 1 h. Prior to the analysis, the cells were washed once again with PBS and suspended in 1 ml cold PI solution containing 100 µg/ml RNase A, 50 µg/ml PI, 0.1% (w/v) sodium citrate and 0.1% (v/v) nonidet p40, then incubated on ice for 30 min in the dark. Flow cytometric analysis was performed using a flow cytometer (FACSCalibur) with CellQuest software (version 6; both BD Biosciences, Franklin Lakes, NJ, USA) was used to estimate the relative DNA content based on the presence of a red fluorescence. The sub-G1 population was calculated to estimate the apoptotic cell population.

### Protein extraction and western blot analysis

T24 cells (5×10^5^) were seeded in 100-mm plates, treated with bufalin (10 nM), TRAIL (50 ng/ml), a combination, or neither, and incubated for 24 h at 37°C with 5% CO2. The cells were washed with ice-cold PBS and lysed with a lysis buffer (20 mM sucrose, 1 mM EDTA, 20 µM Tris-Cl, pH 7.2, 1 mM dithiothreitol (DTT), 10 mM KCl, 1.5 mM MgCl2, and 5 µg/ml aprotinin) for 30 min on ice. The lysis mixture was centrifuged at 13,453 × g and 4°C for 15 min to remove cell debris. Supernatant liquid was collected and protein concentration was quantified using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer\'s protocol. For western blot analysis, equal amounts of protein (30 µg) were subjected to electrophoresis on 8--12% of SDS-polyacrylamide gel (depending on the molecular weight of the antibody target) and then electrotransferred to a nitrocellulose membrane for 2 h at 4°C (Schleicher & Schuell Bioscience, Inc., Keene, NH, USA). The blots were probed with the primary antibodies, incubated with the diluted enzyme-linked secondary antibodies. The blot was visualized using an enhanced chemiluminescence western blotting detection reagent (GE Healthcare Life Sciences, Chalfont, UK), observed with a UV transilluminator imaging system and analyzed with CAPT 2000 software (version 12.8; both Vilber Lourmat, Collégien, France).

### Determination of caspase activity

T24 cells were seeded at a density of 1×10^5^ cells/well in 6-well plates and treated with bufalin (10 nM), TRAIL (50 ng/ml), a combination, or neither, and incubated for 24 h at 37°C with 5% CO2. Caspase-3, −8 and −9 activity levels were the measured using colorimetric assay kits (R&D Systems, Inc., Minneapolis, MN, USA) according to the manufacturer\'s protocol. Briefly, the cells were lysed in the supplied lysis buffer from the kits. The supernatant liquid was collected and incubated with the supplied reaction buffer, containing DTT and colorimetric tetrapeptides as follows: An Asp-Glu-Val-Asp-p-nitroaniline (pNA) substrate for caspase-3, an Ile-Glu-Thr-Asp-pNA substrate for caspase-8 and a Leu-Glu-His-Asp-pNA substrate for caspase-9, respectively, at 37°C. The extent of reaction was measured as absorbance at 405 nm using an ELISA reader.

### Statistical analysis

All data are presented as the mean ± standard deviation. The significant differences between the groups were analyzed using unpaired Student\'s t-tests. P\<0.05 was considered to indicate a statistically significant difference. The results depicted in each of the figures were obtained from representatives of ≥2 independent experiments.

Results
=======

### Combined bufalin and TRAIL treatment significantly inhibits T24 cell viability

Initially, the present study sought to determine whether a combination of bufalin and TRAIL treatment inhibited the viability of T24 cells using the MTT assay. For the present study, the cells were treated with bufalin (5 or 10 nM), TRAIL (25 or 50 ng/ml), both agents (bufalin 5 nM with TRAIL 25 ng/ml or 10 nM with 50 ng/ml), or neither, for 24 h. Treatment with bufalin and TRAIL alone did not significantly affect cell viability; however, the combination of bufalin with TRAIL significantly reduced the viability of T24 cells ([Fig. 1](#f1-ol-0-0-6223){ref-type="fig"}) compared with the negative control. Collectively, these results verified that a combination of bufalin and TRAIL was more effective together than either agent alone in decreasing the viability of bladder cancer cells.

### Bufalin sensitizes TRAIL-resistant T24 cells to TRAIL-mediated apoptosis

Next, the present study investigated whether the inhibition of cell viability as a result of a combined treatment of bufalin and TRAIL was associated with apoptosis. Specific apoptotic features were observed by microscopy and flow cytometry, and T24 cells were treated with bufalin (10 nM), TRAIL (50 ng/ml), or a combination of the two for 24 h. Direct observation using inverted microscopy revealed that morphological changes and decreased cell density compared with the negative control occurred in only the group treated with a combination of bufalin and TRAIL ([Fig. 2A](#f2-ol-0-0-6223){ref-type="fig"}). In addition, while there was little change when cells were treated with either bufalin or TRAIL, cells demonstrated visibly increased chromatin condensation in the nuclei and increased formation of apoptotic bodies following combined treatment compared with the negative control ([Fig. 2B](#f2-ol-0-0-6223){ref-type="fig"}). To further examine apoptosis, the size of the sub-G1 cell pool was measured. A total of 3.14% sub-G1 cells were measured following bufalin treatment, 4.10% following TRAIL treatment and 23.70% following combined treatment in T24 cells ([Fig. 2C](#f2-ol-0-0-6223){ref-type="fig"}). These experiments indicated that bufalin and TRAIL synergistically stimulated TRAIL-mediated apoptosis in T24 cells.

### Bufalin upregulates the expression of DR5 in T24 cells

DR4 and DR5 are expressed in the membrane of multiple cancer cell lines, and the ligation of TRAIL to DR4 or DR5 allows the initiation of the apoptosis pathway ([@b22-ol-0-0-6223]). To certify the mechanism of bufalin as a single agent capable of inducing apoptosis on the expression of DR4 and DR5 in T24 cells, T24 cells were exposed to 0, 2.5, 5, 7.5 or 10 nM bufalin, or 10 nM bufalin for 0, 3, 6, 12 or 24 h, and western blot analysis was performed. Bufalin treatment visibly increased DR5 and DR4 protein levels in T24 cells ([Fig. 3](#f3-ol-0-0-6223){ref-type="fig"}). Consistently, treatment with bufalin enhanced DR5 protein levels, but not DR4 protein levels, following treatment with the indicated concentrations ([Fig. 3](#f3-ol-0-0-6223){ref-type="fig"}) Taken together, these results suggested that bufalin-induced apoptosis was involved in the upregulation of DR5 protein levels in T24 cells.

### Combination treatment with bufalin and TRAIL modifies the expression of apoptosis-related proteins

In order to confirm the molecular mechanisms underlying these effects, the modulation of apoptosis-associated proteins was evaluated with western blot analysis, to examine whether a combined bufalin and TRAIL treatment induced apoptosis by modulating the expression of Bcl-2 family members, which are important proteins for a wide array of diverse upstream survival and distress signals ([@b23-ol-0-0-6223]). Treatment with bufalin or TRAIL alone, and the combination thereof, did not affect the expression levels of Bax or Bcl-2 proteins in T24 cells ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}). In contrast, the expression of Bid, a pro-apoptotic protein, was visibly decreased in response to combined treatment in T24 cells compared with the control ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}). The caspase inhibitor proteins XIAP and cFLIP were downregulated in T24 cells following combined bufalin and TRAIL treatment ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}). Consistently, the combination treatment increased DR5 protein levels, but not DR4 protein levels, compared with the control ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}). As a result, bufalin was demonstrated to sensitize T24 cells to TRAIL-mediated apoptosis via modulation of Bid, cFLIP, XIAP, and DR5 protein levels.

### Activation of the caspases is synergistically induced by bufalin and TRAIL combination treatment in T24 cells

Activation of caspases works as a key regulator in the apoptosis signaling pathway ([@b24-ol-0-0-6223]). Thus, the involvement of various caspases during the bufalin and TRAIL-mediated apoptosis was assessed using a western blot analysis and an *in vitro* caspase activity test. Although treatment with bufalin or TRAIL did not induce proteolytic processing of caspases, a combination of bufalin and TRAIL effectively decreased pro-caspase-3, −8 and −9 levels in T24 cells ([Fig. 5](#f5-ol-0-0-6223){ref-type="fig"}). PARP, which is a substrate protein of caspase-3, was visibly degraded following combined treatment in T24 cells. Next, cell lysates containing equal amounts of total protein from the cells treated with bufalin and TRAIL were analyzed for their *in vitro* caspase activity. Combined treatment with bufalin and TRAIL synergistically promoted caspase-3, −8 and −9 activity in T24 cells. Treatment with bufalin or TRAIL alone did not affect caspase-3 or −8 activity; 10 nM bufalin treatment significantly altered caspase-9 activity, whereas treatment with TRAIL alone did not significantly affect caspase-9 ([Fig. 5](#f5-ol-0-0-6223){ref-type="fig"}). These results indicated that caspases were involved in bufalin and TRAIL-mediated apoptosis in T24 cells.

Discussion
==========

The purpose of the present study was to certify the potential of bufalin to overcome TRAIL-resistance in human bladder cancer cells. The T24 bladder cancer cell line was selected. In a previous sensitivity examination of three human bladder transitional cell cancer lines to TRAIL-mediated apoptosis, T24 cells (poorly differentiated) and 647V cells (moderately differentiated) demonstrated greater resistance than SW780 cells (well differentiated) ([@b4-ol-0-0-6223]). In another study, T24 cells and J82 cells demonstrated resistance to TRAIL, but 5637 cells were sensitive to TRAIL ([@b25-ol-0-0-6223]). From these previous studies, T24 cells have a well-established resistance to TRAIL. The data from the present study revealed that treatment consisting of a non-toxic dose of bufalin significantly promoted TRAIL-mediated apoptosis in T24 cell ([Fig. 2](#f2-ol-0-0-6223){ref-type="fig"}).

Multiple mechanisms for bladder cancer cell escape from TRAIL-mediated apoptosis have been reported ([@b4-ol-0-0-6223],[@b22-ol-0-0-6223],[@b26-ol-0-0-6223],[@b27-ol-0-0-6223]). To determine the mechanisms by which bufalin mediated the susceptibility of bladder cancer cells to TRAIL, the expression of DRs, anti-apoptotic and pro-apoptotic proteins were investigated. In previous experimental studies, the restoration of sensitization to TRAIL-induced apoptosis in cancer cells has been associated with the downregulation of DRs ([@b4-ol-0-0-6223],[@b22-ol-0-0-6223]). In a clinical study, patients with bladder cancer with either a high DR4 or DR5 expression demonstrated evidence of a longer recurrence-free rate following operation than those with a low expression of the two ([@b27-ol-0-0-6223]). In particular, a number of studies have demonstrated that upregulating the expression of DR5 may be a more attractive target than DR4 to sensitize cancer cells to TRAIL ([@b2-ol-0-0-6223],[@b28-ol-0-0-6223]). In the present study, a combination of bufalin and TRAIL treatment significantly upregulated the expression of DR5 protein in T24 bladder cancer cells ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}). On the other hand, the expression of DR4 proteins remained almost unchanged, suggesting that increasing DR5 levels using anti-cancer drugs would lead to sensitization of the resistant tumor cells.

When TRAIL binds to DRs it forms the death-inducing signaling complex and leads to the activation of initiator caspases, including caspase-8, which is known as the death receptor pathway. This in turn activates the executioner caspases, including caspase-3, resulting in cell death ([@b28-ol-0-0-6223],[@b29-ol-0-0-6223]). In the present study, a combination of bufalin and TRAIL significantly induced the activation of caspase-3, −8 and −9 following the cleavage of PARP in T24 cells ([Fig. 5](#f5-ol-0-0-6223){ref-type="fig"}). Furthermore, the activity of the three caspases was different. The activation of caspase-3 stood out as being more important than the rest in T24 cells treated with bufalin and TRAIL. The activation levels of caspase-8 and caspase-3 were higher than caspase-9. These data suggested that the death receptor pathway was more closely associated with bufalin/TRAIL-induced apoptosis than the mitochondrial pathway. In addition, cFLIP is known to be an important anti-apoptotic regulator and resistance factor via suppressing death receptor-mediated apoptosis in multiple types of cancer cell ([@b30-ol-0-0-6223],[@b31-ol-0-0-6223]). Therefore, the effect of bufalin/TRAIL on cFLIP expression was evaluated. Treatment with bufalin and TRAIL downregulated the expression of cFLIP among the other anti-apoptotic and pro-apoptotic proteins, indicating that downregulation of cFLIP may have resulted in caspase-8 activation and apoptosis ([Fig. 4](#f4-ol-0-0-6223){ref-type="fig"}) as previously described ([@b30-ol-0-0-6223]).

Taken together, the data from the present study demonstrated that a combination treatment of bufalin and TRAIL increased the level of death receptor DR5 and diminished the level of the anti-apoptotic protein cFLIP, which contributed to the activation of caspase-8. The pro-apoptotic protein Bid, through activated caspase-8, amplifies the apoptotic signal from DR5, but this combination is provided that a low dose of bufalin was able to overcome the resistance to TRAIL-mediated apoptosis in bladder cancer cells. Collectively, bufalin may be a novel anticancer drug and provide a different treatment option for patients with TRAIL-resistant bladder cancer.
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![Inhibition of cell viability by co-treatment with bufalin and TRAIL in t24 human bladder carcinoma cells. Cell viability was assessed using the metabolic-dye based MTT assay. The data are expressed as the mean ± standard deviation of three independent experiments. \*P\<0.05 and \*\*P\<0.01 vs. untreated cells. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.](ol-14-01-0853-g00){#f1-ol-0-0-6223}

![Morphological changes and apoptotic formation following co-treatment with bufalin and TRAIL in human bladder cancer cells. (A) The morphological changes of the cells were observed using an inverted microscope (magnification, ×50). (B) The cells were stained with a DAPI solution for 10 min, and the stained nuclei were observed under a fluorescent microscope using a blue filter (magnification, ×400). (C) Flow cytometric analysis was performed to analyze the sub-G1 DNA content. Each experiment was performed at least in triplicate. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.](ol-14-01-0853-g01){#f2-ol-0-0-6223}

![Involvement of DRs in apoptosis in human bladder cancer cells, induced by co-treatment with bufalin and tumor necrosis factor-related apoptosis-inducing ligand, analyzed by western blot. T24 cells were incubated with (A) 10 nM bufalin for different time periods, or (B) with different concentrations of bufalin. The relative protein levels of DR4 and DR5 following (C) incubation with 10 nM bufalin for different time periods or (D) incubation with different concentrations of bufalin are depicted. Actin was used as an internal control. The blots are representative of independent two experiments. DR, death receptor.](ol-14-01-0853-g02){#f3-ol-0-0-6223}

![Effects of bufalin and TRAIL on the expression of apoptosis related proteins, as assessed by western blot. (A) T24 cells were incubated with bufalin (10 nM), TRAIL (50 ng/ml) or a combination for 24 h. Actin expression was used as a loading control. The blots are representative of three experiments. (B) Relative levels of the indicated proteins. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; Bax, BCL2 associated X, apoptosis regulator; Bcl-2, B-cell lymphoma-2; Bid, BH3 interacting domain death agonist; XIAP, X-linked inhibitor of apoptosis protein; cFLIP, cellular Fas-associated death domain-like interleukin-1β-converting enzyme inhibitory protein; DR, death receptor.](ol-14-01-0853-g03){#f4-ol-0-0-6223}

![Effects of combined bufalin and TRAIL treatment on the activation of caspase and the cleavage of PARP. (A) T24 cells were incubated with bufalin (10 nM), TRAIL (50 ng/ml), or a combination of both for 24 h, and caspase and PARP levels were determined using western blot. (B) Relative levels of the indicated proteins. (C) Activity of caspase-3, −8 and −9 was determined using a caspase assay kit in T24 cells. The data are expressed as the mean ± standard deviation of three independent experiments. The significance was determined using the Student\'s t-test. \*P\<0.05 vs. untreated control. TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; PARP, poly (ADP-ribose) polymerase.](ol-14-01-0853-g04){#f5-ol-0-0-6223}
